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ABSTRACT
Studies of rare decays play an important role in the search of physics beyond the
standard model. New particles may participate in the loop processes and can be
probed by seeing any deviations from the standard model predictions. The very
rare decay Bs → µ+µ− has been observed with the data collected by CMS and
LHCb experiments. The signal seen by the ATLAS experiment is less significant
but is compatible with the predictions. The measurement itself provides stringent
constraints to new physics models. The first effective lifetime measurement with
Bs → µ+µ− candidates has been carried out by the LHCb experiment. More data
are still required to observe the B0 → µ+µ− decays. The B → K∗µ+µ− decay
also proceeds through a flavour changing neutral current process, and is sensitive
to the new physics. Extended measurements are carried out for B → K∗µ+µ−
decays. Most of the classical physics parameters are found to be consistent with
the predictions, but tensions do emerge in some of the observables. More data
will help to clarify these potential deviations.
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1 Rare Bs → µ+µ− and B0 → µ+µ− Decays
The decays Bs → µ+µ− and B0 → µ+µ− are predicted to be tiny in the standard model (SM) since these
processes can only proceed through flavor-changing neutral currents (FCNC). The FCNC processes are not
allowed at the leading order. Also, the internal annihilation of quarks in the B mesons is needed and the
rate has to be further suppressed. Another suppression factor of m2µ/m
2
B (mµ and mB are the masses of the
muon and the B meson, respectively) is required by the helicity. With the best knowledge to date [1], the
branching fractions of these two modes are
BSM(Bs → µ+µ−) = (3.66± 0.23)× 10−9 and BSM(B0 → µ+µ−) = (1.06± 0.09)× 10−10. (1)
With the help of large production cross section of b-hadrons at the LHC, these tiny decay rates become
reachable. In particular, several extended theories beyond the SM may enlarge the branching fractions of
these two modes. For example, in the MSSM models, the branching fraction of Bs → µ+µ− has a strong
dependence on tanβ to the sixth power. The models which introduce extended Higgs sectors can also
increase the decay branching fractions. In the usual consideration, the ratio of B0 → µ+µ− and Bs → µ+µ−
branching fractions is a good test of the minimal flavour violation scenarios. Any deviation from the SM-
based prediction of these two channels is a clear hint of where the SM should be extended. However, if
the branching fractions are measured to be consistent with the predictions of SM, strong constraints are
introduced to several related new physics models, and can even be extended to the scenarios which require
an energy above the LHC design.
The main focus of the analysis is on the background suppression. This is due to the small number of
signal events on top of heavy combinatorial background events. The signal is compatible with a pair of real
muons and a displaced decay vertex; the invariant mass of the muon pair should agree with the mass of
Bs or B
0 mesons. The combinatorial background events are generally consistent with a mixture of muons
from the b-hadrons semileptonic decays. These background events can have additional activities other than
the candidate muon pair, also, the vertexing quality can be worse as well. Hence these information are
included in a boosted decision tree (BDT) analysis to improve the background reduction power. Another
critical background is associated with mis-identified hadrons (mostly kaons or pions) from B meson decays,
in particular for events with a B meson decaying into two hadrons (B → K+K−, K+pi−, or pi+pi−). If
both hadrons are mis-reconstructed as muons, it forms a peaking structure right below the targeted signal
B0(Bs)→ µ+µ−. Thus a stringent requirement on the muon identification is needed.
The decay branching fractions of B0(Bs)→ µ+µ− are normalized by the B+ → J/ψ(→ µ+µ−)K+ decay,
B(Bs,d → µ+µ−) = Nsig
N(B+ → J/ψK+) · B(B
+ → J/ψK+) · (B
+)
(Bs,d)
· fu
fs
, (2)
where Nsig is the signal yield,  is the detecting acceptance and efficiency, and fu/fs is the ratio of hadroniza-
tion fractions. Similar selection criteria are adopted for the two muons from J/ψ decays, and hence the
associated systematic uncertainties can be mostly cancelled. LHCb also uses B → Kpi decays to normalize
the events.
As shown in Figure 1, the Bs → µ+µ− channel has been first observed with a full combination of CMS
and LHCb Run-1 data sets [2] with a significance of 6.2 standard deviations (7.4 expected). A mild hint of
B0 → µ+µ− decay has been seen. The combined branching fractions are given by
B(Bs → µ+µ−) = (2.8+0.7−0.6)× 10−9 and B(B0 → µ+µ−) = (3.9+1.6−1.4)× 10−10. (3)
The measured branching fraction of Bs → µ+µ− is in agreement with the SM prediction, while the
B0 → µ+µ− rate is slightly higher than the predicted value but still within the uncertainties. The ratio
between B0 and B0 → µ+µ− branching fractions has been measured as well; the major part of theoretical un-
certainties cancelled and is a very clean test of the SM. ATLAS experiment has performed the corresponding
measurement but no clear excess found [3] (see Figure 2):
B(Bs → µ+µ−) = (0.9+1.1−0.8)× 10−9(< 3.0× 10−9) and B(B0 → µ+µ−) < 4.2× 10−10. (4)
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Figure 1: The weighted invariant mass distribution for B → µµ candidates (left) and the results of
likelihood scans (right) from the CMS and LHCb combination paper. In the likelihood scans, all of the
nuisance parameters (systematics) are profiled.
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Figure 9: Contours in the plane B(B0s → µ+µ−),B(B0 → µ+µ−) for intervals of −2∆ ln(L) equal to 2.3, 6.2 and
11.8 relative to the absolute maximum of the likelihood, without imposing the constraint of non-negative branching
fractions. Also shown are the corresponding contours for the combined result of the CMS and LHCb experiments,
the SM prediction, and the maximum of the likelihood within the boundary of non-negative branching fractions,
with the error bars covering the 68.3% confidence range for B(B0s → µ+µ−).
13 Conclusions
A study of the rare decays of B0s and B0 mesons into oppositely charged muon pairs is presented, based
on 25 fb−1 of 7 TeV and 8 TeV proton–proton collision data collected by the ATLAS experiment in Run 1
of LHC.
For B0 an upper limit B(B0 → µ+µ−) < 4.2 × 10−10 is placed at the 95% confidence level, based on the
CLs method. The limit is compatible with the predictions based on the SM and with the combined result
of the CMS and LHCb experiments.
For B0s the result is B(B0s → µ+µ−) =
(
0.9+1.1−0.8
)
× 10−9, where the errors include both the statistical and
systematic uncertainties. An upper limit B(B0s → µ+µ−) < 3.0 × 10−9 at 95% CL is placed, lower than
the SM prediction, and in better agreement with the measurement of CMS and LHCb.
A p-value of 4.8% is found for the compatibility of the results with the SM prediction.
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Figure 2: The two-dimensional like ihood scan r sult fr m ATLAS experim n . No significant signal excess
found in both Bs and B
0 → µµ channels. The results are still compatible with SM prediction (within 2σ).
Although the expected significance is also modest and the results are compatible with the SM expectations.
Recently LHCb collaboration just updated the analysis by including 2011, 2012 and 2016 data sets [4].
With respect to the Run-I analysis, an improved isolation variable (BDT-based) has been introduced, and
new particle identification is adopted. Also a better BDT-bas d event classifier has been included. As shown
in Figure 3, the analysis confirms the observation of Bs → µ+µ− decay at 7.8σ:
B(Bs → µ+µ−) = (3.0± 0.6+0.3−0.2)× 10−9 and B(B0 → µ+µ−) < 3.4× 10−10. (5)
The excess of B0 → µ+µ− is educed slightly and is in bett r agreement with the SM prediction. With the
same data set, LHCb also performed the first effective lifetime measurement with Bs → µ+µ− events,
τ(Bs → µ+µ−) = 2.05± 0.44± 0.05 ps, (6)
where Bs → µ+µ− only contributed by the heavier Bs state in the SM.
Besides Bs, B
0 → µ+µ− decays, LHCb also provided the first assessment for B → τ+τ− decays [5]. In
this channel the signal peak in mass distribution cannot be proper y reconstructed, and it is not possible to
distinguish Bs and B
0 mesons. So far there is no signal hint found in data. If one attributes all of the events
to be either Bs or B
0, the limits on the branching fractions can be derived.
B(Bs → τ+τ−) < 6.8× 10−3 and B(B0 → τ+τ−) < 2.1× 10−3. (7)
A very new search for KS → µ+µ− has been performed by LHCb as well [6]. No enhanced of signal found
in data and an upper limit of
B(KS → µ+µ−) < 1.0× 10−9 (8)
at the 95% confidence level is presented.
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Figure 1: Mass distribution of the selected B0(s) ! µ+µ  candidates (black dots) with BDT > 0.5.
The result of the fit is overlaid and the di↵erent components are detailed.
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0s ! µ+µ  signal to be
simplified by removing most of the B0! µ+µ  and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.
The mass fit includes the B0s ! µ+µ  and combinatorial background components.
The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.
The variation of the trigger and selection e ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡  decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world
average [15]. The statistical uncertainty on the measured B0 ! K+⇡  lifetime is taken
as the systematic uncertainty associated with the use of simulated events to determine
the B0s! µ+µ  acceptance function.
The accuracy of the fit for the B0s ! µ+µ  e↵ective lifetime is estimated using a
large number of simulated experiments with properties similar to those found in the
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Figure 3: The invariant mass distribution for B → µµ candidates (left) and the results of likelihood scans
(right) from the full analysis of LHCb data. The results are consistent with the SM predictions as well as
previous measurements.
2 Angular analysis of B0 → K∗0µ+µ−
The decays involving FCNC processes, such as B0 → K∗0µ+µ− , are very sensitive to the models beyond the
SM. New physics phenome a will co tribute to th s decays through the loop processes. For B0 → K∗0µ+µ−
decay, one can define a set of observables that can be measured in bins of q2 (where q2 is the dimuon
invariant mass squared). The typical observables include the differential branching fraction (dB/dq2), the
forward-backward ymmetry (AFB), and longitud al polarization fraction (FL). The predictions for these
observables are robust, hence any difference between the experimental measurements and the predictions
can be a smoking gun hint of new physics.
The tar et decay has four particl s in the final tate, B0 → K∗0µ+µ− → K+pi−µ+µ−. A full description
of the decay requires three angular observables: θK (the helicity angle of the K
∗0 candidate), θ` (the helicity
angle for the dimuon), and φ (the angle between the K∗0 and dimuon planes):
dΓ
dq2dΩ
= 932pi [
3
4 (1− FL) sin2 θK + FL cos2 θK + 14 (1− FL) sin2 θK cos θ` (9)
−FL cos2 θK cos 2θ` + S3 sin2 θK sin2 θ` cos 2φ
+S4 sin 2θK sin 2φ` cosφ+ S5 sin 2θK sin θ` cosφ
+ 43AFB sin
2 θK cos θ` + S7 sin 2θK sin θ` sinφ
+S8 sin 2θK sin 2θ` sinφ+ S9 sin
2 θK sin
2 θ` sin 2φ],
where the observables Sn are the bilinear combinations of the K
∗0 amplitudes. In this formula, the rates are
averaged for different CP states.
The B-factory experiments have reported some mild deviations in the measurement of AFB in the low
q2 region. The AFB is predicted to be mostly positive for higher q
2 region, while it goes to negative when
q2 approaches zero, and hence there is a zero-crossing point around 4 GeV2. The early measurements from
Belle and BaBar hint a positive AFB through out the whole q
2 phase-space, and it is challenging to explain
this anomaly within the framework of SM. However this anomaly is not confirmed by the high statistic LHC
measurements. All of the recent AFB measurements are consistent with the SM predictions.
Several new observables are proposed to have a better probe of the B0 → K∗0µ+µ− decays. These new
observables, which are denoted as P ′4, P
′
5, P
′
6 and P
′
8 [7], are designed to have little dependency on the form
factor uncertainties, in particular in the low q2 range. The P ′n observables are the combinations of FL and
Sn:
P ′4,5,8 =
S4,5,8√
FL(1− FL)
and P ′6 =
S7√
FL(1− FL)
. (10)
3
The measurements of these observables are first performed by the LHCb collaboration and some renewed
discrepancy between the measurements and the SM-based predictions in the P ′5 observable is seen.
A full angular analysis is required to measure the angular observables introduced above. The LHCb
collaboration has performed the measurements [9] with two different statistical methods: a likelihood fit and
a principle moments analysis. As presented in Figure 4, the measured P ′5 observable shows some deviation
between the measured value and the SM-based prediction (DHMV [8]) in the range of 4 < q2 < 8 GeV2.
From a global χ2 analysis, the statistical significance of the overall deviation is at 3.4σ. One can still explain
this deviation by introducing some large hadronic effects within the SM, or new physics contributions have
to be added.
]4c/2 [GeV2q
0 5 10 15
LF
0
0.2
0.4
0.6
0.8
1
LHCb
SM from ABSZ
]4c/2 [GeV2q
0 5 10 15
FBA
-0.5
0
0.5
LHCb
SM from ABSZ
]4c/2 [GeV2q
0 5 10 15
3S
-0.5
0
0.5
LHCb
SM from ABSZ
]4c/2 [GeV2q
0 5 10 15
4S
-0.5
0
0.5
LHCb
SM from ABSZ
]4c/2 [GeV2q
0 5 10 15
5S
-0.5
0
0.5
LHCb
SM from ABSZ
]4c/2 [GeV2q
0 5 10 15
7S
-0.5
0
0.5
LHCb
]4c/2 [GeV2q
0 5 10 15
8S
-0.5
0
0.5
LHCb
]4c/2 [GeV2q
0 5 10 15
9S
-0.5
0
0.5
LHCb
Figure 6: The CP -averaged observables in bins of q2, determined from a maximum likelihood fit
to the data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].
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Figure 6: The CP -averaged observables in bins of q2, determined from a maximum likeliho d fit
to the data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Figure 4: The longitudinal polarization fraction FL (left), the forward-backward asymmetry AFB (middle),
and the observable P ′5 (right) as measured in bins of q
2 from LHCb data. Many of the measured parameters
(including FL and AFB) are consistent with the SM predictions, while a 3.4σ deviation found with respect
to the SM from a global χ2 analysis.
ATLAS and CMS have recently produced the measurement of P ′n observables by reanalyzing the Run-I
data sets [10, 11]. Unlike LHCb and Belle, CMS and ATLAS have a difficulty to separate K∗0 and K
∗0
, and
the kaon flavour has to be chosen based on the best mass combination. This gives a small dilution to the
measured observables. Also, in order to improve the fitting convergence, CMS and ATLAS analy s have to
fold the signal model based n the symmetries to reduce the number of free p r meters. The CMS data is
in better agreement with the SM-based “DHMV” predictions. In the target q2 region there is no significant
deviations. The ATLAS result has a good agreement with SM predictions, except some deviations (of 2.5–
2.7σ) from DHMV in the 4-6 GeV2 q2 region. Nevertheless, the statistical uncertainties are still too large
and it is still early to draw a conclusion. The most up-to-date measurements of P ′n observables from Belle
experiment [12] include both muon and electron channels. The muon result is consistent with the LHCb
data, and shows a small discrepancy of 2.6σ from the prediction. Interestingly, electron channel is in better
agreement with the SM.
As a summary remark, the deviations in P ′n observables are not the only place that data shows some
unexpected tendency. In many of related b → s`` processes, the differential branching fractions measured
by LHCb and CMS (see Ref. [13, 14, 15, 16]) are generally found to be lower than the predictions in low q2
region. Some further investigation is required to identify this as a contribution from the hadronic effect, or
something really new. It is expected to have improved measurements from upcoming LHC data and from
Belle-II in near future.
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